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Abstract 
CO2 emissions to the atmosphere are increasing as a consequence of growing industrialisation and in order to maintain the 
quality of human life, while measures to reduce these emissions are needed to prevent dangerous climate change.  Capturing 
CO2 from fossil-fuel burning power stations and other industrial sites and storing it in the subsurface is one of the techniques 
that offer a near-term solution to reduce atmospheric emissions of this greenhouse gas. Sites of depleted oil/ gas fields can be 
used for the storage of CO2, with deep saline aquifers providing the best solution as they have the highest storage capacity. For 
safe, long term storage of CO2, integrity of the cap rock is indispensable. Without proper sealing rock, CO2 might mix with 
fresh water of other shallow formations or may escape to the atmosphere. When CO2 is injected into carbonates either 
dissolution or precipitation takes place. From this study it was found out that precipitation and dissolution of carbonates are 
closely linked to pH. Therefore, it is very essential to know the impact on pH, when CO2 is injected to brine. So far no reliable 
pH data is available at high-temperature and high-pressure (HTHP) for brine-CO2 mixtures. This study presents the first pH 
measurements for high-temperatures (70
o
C to 140
o
C) and high-pressures (up to 120bar/ 12MPa). A combination of Ag/ AgCl 
(reference probe) and ZrO2 (pH probe) was used for the measurements. From this study it was concluded that the Ag/AgCl and 
ZrO2 probes can be used for reliable measurements at higher temperatures and pressures without any damage to the equipment, 
if depressurised at a rate slower than 0.5MPa/ hour (5bar/hour). From the results obtained we concluded that pH decreases with 
increase in CO2 pressure and increases with increase in temperature, as a result of which the solubility of carbonate rocks will 
increase at higher pressures but will decrease with an increase in temperature. It was also observed that salinity has little impact 
on the pH of the solution. Moreover, a decrease in solubility of CO2 with an increase in salinity was also confirmed. For the 
first time, Qatari brine was also prepared successfully and changes in pH were observed, when CO2 is injected into it at HTHP. 
This work should be regarded as the first step towards pH measurements at HTHP for brine-CO2 mixtures using Ag/ AgCl and 
ZrO2 probes.   
Introduction 
Fossil fuel consumption has been increasing since the industrial revolution; and as a result of this increased consumption, the 
concentration of greenhouse gases in atmosphere is also rising. CO2 is the major constituent of these greenhouse gases and its 
increasing concentration is leading earth towards severe weather changes and global warming. Global temperature by the end 
of this century is likely to increase by 1.1
o
C to 6
o
C if concrete steps are not taken (Reay 2011; Effects of Climate Change 2011; 
Solomon et al 2007) consequently it is serious a concern that the quality of human life may be affected acutely. 
To mitigate this problem, Carbon Capture and Storage (CCS) is a potentially critical transitional technology, offering 
a near-term way to mitigate climate change consistent with continued extensive fossil fuel use (Blunt 2010). CCS is the storage 
of CO2 in geologic formations and it requires capturing a CO2 stream that would otherwise be emitted to the atmosphere. 
Potential geologic formations to store CO2 safely include active and depleted hydrocarbon reservoirs, coal seams and deep 
aquifers (Asghari et al. 2006). However, deep saline aquifers have, by far, the largest potential for CO2 sequestration in 
geological media in terms of volume, duration, economics and minimum or null environmental impact (Bachu 2000). 
CO2 is trapped in the subsurface through a combination of complex physical and chemical processes. Many physical 
and chemical processes are known to occur both during and after geologic CO2 injection, including diagenetic chemical 
reactions and associated permeability changes (Grigg et al. 2005). The coupling of physical and chemical process occurs in 
various situations, in the near well bore or far in the reservoir and has consequences on the long term viability of CO2  storage 
(Egermann et al. 2005). Physical-trapping processes include geologic trapping through reservoir structure and/or stratigraphy, 
phase trapping through relative-permeability effects between the injected CO2 phase and the native phase, and solubility 
trapping through dissolution of CO2 in the native aqueous phase while chemical-trapping process is the precipitation of 
minerals containing carbon compound in rock-matrix minerals (Ceyhan et al. 2011).  
Carbonate minerals are largely insoluble in fresh water, but when CO2 is added, the solubility increases considerably 
(Boynton 1980) because acidification of water by CO2 occurs resulting in the formation of carbonic acids (Schaef and McGrail 
2004; Mohamed et al. 2011). Hence, a decrease in pH takes place when CO2 is injected and is neutralised when CaCO3 starts 
dissolving into the brine-CO2 mixture (Ceyhan et al. 2011). Conversely, sometimes when CO2 is injected in large quantities 
carbonate cement precipitates, clogging the formation near the injection well which may result in shutting CCS operations 
(John and LaForce 2010) and Portland cement, commonly used in the petroleum industry for the cementation of casing in the 
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well is the unstable in the presence of CO2 (Ceyhan et al. 2011) . Whether the injection of CO2 is leading to precipitation or to 
dissolution, the mechanisms that impact the permeability are still debated (Egermann et al. 2005). These phenomena, of 
precipitation and dissolution, make carbonates very complex to understand. In order to better understand the process of 
precipitation/ dissolution, it is essential to know the changes in pH which take place at reservoir conditions when CO2 is 
injected into subsurface, for the long term viability of the CCS project.  
This thesis primarily focuses on pH measurements at high-temperature (>70
o
C) and high-pressure (0bar to 120bar) so 
that the phenomena of precipitation and dissolution can be better understood. Experimental pH work conducted on water/ 
brine-CO2 mixtures and reported in the literature is very limited (Schaef and McGrail 2004); however it has been observed 
during some experiments that when CO2 is injected to brine, the resultant pH becomes 2.8-4.3 (Schaef and McGrail 2004; 
Ceyhan et al 2011; Toews et al 1995). The pH was analysed under pressure of 7.09MPa (70atm)-20.265MPa (200atm) and 
temperatures of 25-70
o
C (Toews et al 1995). Pressure interval of the experiment was 0.69MPa to 11MPa and when the 
pressure exceeded 5MPa and temperature rose from 27
o
C to 70
o
C, the pH varied slightly from 3.1 to 3.3 for H2O- CO2 system 
and similar observations were made with H2O- CO2 saturated with brine (Schaef and McGrail 2004). The model was developed 
to calculate phase equilibrium from which pH calculated. The model is valid for temperatures  (27
o
C to 277
o
C) and pressures 
(0.1MPa to 41.4MPa) up to 6mol NaCl/Kg H2O (Ceyhan et al. 2011). The results of these studies are consistent with ours at all 
pressures (up to 12MPa) and temperatures with a maximum difference of 0.5 pH units. However, the maximum temperature of 
experiment conducted by Schaef and McGrail (2004) and Toews et al (1995) was 10
o
C less than the minimum temperature of 
the experiments conducted in this study but still the it is worth comparison because 10
o
C does not cause significant change in 
the pH.  
As a part of this research, experiments were conducted using ZrO2 as the pH probe and Ag/AgCl as the reference 
probe. Data shown in the report is novel because these probes have not been used so far for such experiments and no data is 
available for water/brine-CO2 mixtures using these probes at HTHP.  
It can be concluded from the results of this study that the pH decreases with increase in pressure and increases with 
increase in temperature. It was also observed that salinity has less impact on the pH but the solubility of CO2 in brine decreases 
with increase in salinity. 
Batch Reactor 
A batch reactor system, shown in Figure 1 was used for experimental work for during this study. All experiments were 
performed on reactor 2 of batch reactor and probes were fitted into it for pH measurements.  
 
 
Figure 1: Batch reactor schematic diagram. 
T/C: Thermo Couple 
1. Reactor 1 
2. Reactor 2 
3. Reactor 3 
4. CO2 Cylinder 
7. Pump 5. CO2 Nitrogen 
6. Stirrer 8. Heating 
Jacket 
9. Flow line 1 10. Flow line 2 
TIC: Temperature Induced Controller 
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The batch reactor system contains 3 reactors. Reactor 1 can be used for rock and brine equilibration but . Rock should 
be crushed to make a powder. After equilibration, brine can be pushed to rector 2 where it can be equilibrated and pressurised 
with CO2. After equilibration of brine with CO2 it can be shifted to reactor 3. Reactor 3 may contain a rock sample where 
further dissolution experiments can be conducted. After the complete process, samples can also be taken from valve 14 which 
is shown in Figure 1. 
For this experimental study, only reactor 2 was used in which Ag/ AgCl and ZrO2 probes were fitted. However, 
reactor 3 was also used occasionally for pressurising reactor 2 with nitrogen where as reactor 1 was not used for the 
experiments. But, reactor 1 could be used for the equilibration experiments.  
Probes 
An Ag/ AgCl (Silver/ Silver chloride) probe was used as the reference probe while a ZrO2 (Zirconium Oxide) probe was used 
as the pH probe. The maximum acceptable pressure for both probes was 13.6MPa (136bar/2000psi). The operating temperature 
for the reference probe was 0
o
C (273K) to 305
o
C (578K) whereas for the pH probe, it was 93
o
C (366K) to 343
o
C (616K) but 
readings above 70
o
C (343K) may also be reliable according to the manufacturer (Corr Instruments 2009). So far, these are the 
only commercially available probes to measure pH at HTHP and the functioning of these probes has not been demonstrated for 
high temperatures. Fitting of the probes in reactor 2 is shown in Figure 2 (Note: the stirrer was between reference and pH probe 
but is not shown in Figure 2 but can be seen in Figure 1).  
 
 
 
Figure 2: The probe fitting in the reactor is shown on left; reference probe in the centre and the pH probe on the right. 
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Experimental Methodology 
The following procedure was followed to perform the experiment. 
1. Reactor and probes were rinsed with deionised water before starting the new experiment. 
2. Reactor was dried and droplets from the probes were also removed using tissue. 
3. Then container was filled with 300ml of the desired solution followed by the closure of reactor. 
4. The heating jacket was lifted up and was plugged in with a power supply. 
5. Reactor was heated up to the desired temperature. 
6. The system was pressurised using pump with CO2 (if required). 
7. When the desired temperature was reached, readings were taken after every 5 minutes but when the system was being 
pressurised, readings were taken each minute until it became stable. 
8. When sufficient readings were taken at certain temperature, higher temperature was given while readings were 
consistently taken after every 5 minutes. 
9. When sufficient readings were taken at all temperature steps, up to 140oC, heating was turned off to let the system 
cool down. 
10. If it was required to go to higher pressure step then reactor was cooled to 80oC and when it stabilised at this 
temperature, reactor was then pressurised again as per requirement of the experiment, using pump with CO2. 
11.  The same procedure was repeated from 7 to 10 for subsequent cycles.  
12. When all the readings were taken at all temperature and pressure steps, heating was turned off until it reached the 
ambient condition and reactor was depressurised at recommended rate of 0.5MPa/ hour (5bar/hour) using Back 
Pressure Regulator (BPR). 
13. The same procedure was repeated from 1 to 12 for each new solution. 
Calibration 
Probes and BPR were calibrated before performing the actual experiments at HTHP. 
 
Calibration of Probes.  Probes were calibrated before performing high-pressure experiments to make sure that they work 
appropriately. 
 
Amount of Solution Converted to Vapour. Probes were calibrated up to 140
o
C and because of higher temperatures 
some amount of solution converts to vapour in the sealed reactor. For correct measurements, it is essential that solution must 
remain in liquid phase so that probes may remain dipped into it and that the buffer concentration change is small. Therefore, 
amount of solution converted to vapour was estimated for pure water to make sure that probes remain immersed into the 
solution. 
At 140
o
C, pressure of the reactor was 320KPa. Vapour pressure at 140
o
C is 360KPa and density is 1.96 kg/m
3
 
(Properties of saturated steam-SI Units) from which it can be inferred that steam is still under saturated. The total volume of 
reactor was 600ml and it was filled with 300ml of solution for every experiment which was enough to keep the probes dipped 
into liquid. Hence, the vapour volume was also 300ml. Consequently, for pure water, amount of liquid converted to vapour was 
0.58g which is negligible. Thus, the effect of amount of liquid converted to vapour can be ignored. 
 
Calibration Results and Discussion. Probes were calibrated using Hanna pH standard buffer solution
1
 of pH 1, 4 and 
7 (pH of standard buffers was known up to 95
o
C and can be seen in Appendix B). It is shown in Figure 3(A) that for correct 
readings the slope of line (potential vs. pH) should have been -73mV (theoretical slope) at 95
o
C and from our calibration a 
slope of -69.5mV at 95
o
C was obtained which is within the acceptable range and is better than the slope obtained by the 
manufacturer as shown in Figure 3(A) and 3(B). To see the effect of salinity and the behavior of the probes in saline solutions, 
calibration experiments were also conducted on 1M NaCl standard buffer
2
 of pH 1, 4 and 7 and 0.78M KCl standard buffer
3
 of 
pH 1, 4 and 7 up to 120
o
C and slopes of 62.5mV and 66mV were obtained at 95
o
C, respectively. Slopes obtained for saline 
solutions also lie very close to the slope of manufacturer (65.9mV) as shown in Figure 3(C) and 3(D). From the results of these 
calibrations, it can be concluded that the readings obtained from the probes are reliable for standard and saline solutions. 
Moreover, further experiments on saline solutions can be conducted using these probes. 
 
                                                          
1
 Shall be referred to as the standard buffer 
2
 Shall be referred to as the 1M NaCl buffer 
3
 Shall be referred to as the 0.78 KCl buffer 
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Figure 3: Probe calibration plots (Potential vs. pH at 95oC) (A) ideal plot (by manufacturer) (B) standard buffer solution plot (C) 1M 
NaCl buffer plot (D) 0.78M NaCl buffer plot. 
If we look individually at the behavior of each standard buffer solution, it was observed that the probes gave 
consistent results with increase in temperature when compared to the given pH data of particular standard buffer solution. 
Comparison of our results with pH is shown in Appendix B. Results show that by adding salts in standard buffers, potential 
(mV) increases which means that pH decreases. Results for standard buffer, 1M NaCl buffer and 0.78M KCl buffer of pH 1, 4 
and 7 are shown in Figure 4. However, no data for 1M NaCl buffer and 0.78 NaCl buffer is available to cross check our 
obtained results, but looking at above calibrations shown in Figure 3 and the consistency of these results, it can be concluded 
that results of this study are reliable.  
As there was no available data for saline standard buffers, another calibration experiment was conducted for saline 
solutions up to 140
o
C using Sigma-Aldrich trizma base
4
 (0.01M Trizma base in deionised water) and there was some data 
available for these buffers up to 50
o
C (Millero et al. 2009). Tris buffer is very temperature dependent. Although, the probes 
                                                          
4
 Shall be referred to as tris buffer 
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were designed for temperatures above 93
o
C (366K) even then probes confirmed the sensitivity of tris buffers with increase in 
temperature, but at higher temperatures (>100
o
C/ 373K) change was not significant with increase in temperature as compared 
to change below 100
o
C (373K) as shown in Figure 4(D). One more experiment was conducted on 1M NaCl tris buffer (1M 
NaCl in trizma base). Results for both the experiments are shown in Figure 4(D). 
 
 
Figure 4: Plots of probe calibration (Potential vs. Temperature) (A) standard buffer pH 1(B) standard buffer pH 4 (C) standard buffer pH 
7 (D) tris buffer. 
It can be concluded from the above calibration experiments, that adding salts to standard buffers results in increase of 
potential (decrease in pH). As the temperature increases, pH of standard buffers of pH 4 and pH 7 increases while the pH of 
standard buffer pH 1 and tris buffer decreases but the change in pH of the standard buffer pH 1 is very slight with an increase 
in the temperature as shown in the Figure 4(A). The increase in pH with increase in the temperature takes place for all saline 
solutions except in standard buffer pH 1 and 1M NaCl buffer pH 4. For 1M NaCl buffer pH 4, initially pH decreased with 
increasing temperature but started increasing after 88
o
C (361K) as shown in Figure 4(B). 
A strong temperature dependence of both, tris buffer and 1M NaCl in terms of pH was also confirmed but at 
temperatures above 110
o
C (383K) the solutions were observed to be less temperature dependent as shown in Figure 4(D). No 
data for tris buffer is available at higher temperature to check our work, but confirmation of strong temperature dependence 
suggests that results may be reliable at higher temperatures as well. 
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Test of Back Pressure Regulator (BPR). To prevent the probes from damaging, recommended depressurisation rate was 
0.5MPa/ hour (5bar/ hour). If depressurising rate goes higher than 0.5MPa/ hour (5bar/hour), CO2 may absorb into the 
reference probe which might damage it. Therefore, for the safety of the probes it is essential that reactor should be 
depressurised at a rate slower than 0.5Mpa /hour. To maintain a depressurisation rate of 0.5Mpa/ hour back pressure regulator 
was used but before performing actual high pressure experiments with CO2 back pressure regulator was tested and results 
obtained from the test are shown in Figure 5. 
 
Procedure for calibration of BPR. Reactor 3 of batch reactor was pressurised to 4MPa (40bar) and depressurisation 
rate of 0.5MPa/hour was given to the BPR. 
 
Results and Discussion of Calibration of BPR. Depressurisation plot is shown in Figure 5 where initial pressure of 
4MPa depressurised completely in 8hours which shows that BPR works as per our requirement. Therefore, it can be used for 
higher pressure experiments. 
 
 
Figure 5: Plot of Back Pressure Regulator (BPR) test, pressure decreases linearly with time while temperature remains constant at 
ambient condition. 
Qatari Brine 
Preparation of Qatari Brine. Qatar petroleum provided concentration data for two brines which were named prototype-1 and 
prototype-2. Prototype-1 was the averaged composition of different brine samples while prototype-2 was the composition of 
brine with maximum concentration. From this data recipes were prepared to make brines which could represent the actual 
Qatari brines. Table 1 shows the recipe for Qatari brine with the proportion of each salt for 1Kg solution. (Note: Recipes of 
Qatari brines were prepared by Dr. David Vega Maza, Research Associate, Chemical Engineering Department, Imperial 
College London). 
 
 PROTOTYPE-1 PROTOTYPE-2 
Synthetic 
Salts 
Molecular wt. 
(g/mol) 
Mass of 
salt (g) 
Mass of H2O 
from salts (g) 
Mass of 
H2O (g) 
Mass of 
salt  (g) 
Mass of H2O 
from salts (g) 
Mass of 
H2O (g) 
NaHCO3 84.01 0.5408 0  
 
 
994.3189 
0.2447 0  
 
 
961.1542 
NaSO4 142.04 2.2634 0 1.5690 0 
SrCl2.6H2O 266.62 0.1532 0.0621 0.9543 0.3869 
MgCl2.6H2O 203.31 2.9062 1.5451 16.1778 8.6009 
CaCl2.6H2O 219.08 8.2572 4.0739 60.5169 29.8579 
KCl 74.55 0.5760 0 0.9169 0 
NaCl 58.44 16.1411 0 88.4781 0 
Total  5.6811  38.8458 
Table 1: Recipes for Qatari brine. 
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Initially, both the brines were prepared by adding all the salts in the container first and deionised water at the end. But 
a problem with this method is that, although water remains unsaturated but the salts do not dissolve completely in the water. 
Therefore, to identify the salt which does not dissolve or was resisting complete dissolution of salts, another method was tried 
out. For that, first the container was filled with some deionised water followed by the addition of each salt and stirring the 
container simultaneously before adding the other salt. After filling the container with deionised water, we added sodium 
chloride (NaCl) followed by the addition of potassium chloride(KCl) after which all hexahydrated (CaCl2.6H20, MgCl2.6H2O, 
SrCl2.6H2O) salts were added whereas, sodium bicarbonate (NaHCO3) and sodium sulphate (NaSO4) were the last salts to be 
added. Even if all the salts are added together without letting them to dissolve may result in the precipitation of some salt and 
according to our experiments adding NaSO4 or NaHCO3 before other salts results in incomplete dissolution of salts.  
 
Experiment with Qatari Brine. Experiments were conducted with prototype-2 which was the more concentrated brine. In 
comparison to other 1M solutions prototype-2 was very saline. At ambient condition, the pH of Qatari brine was 6.85. The first 
experiment was performed with 0.01 M tris buffer in Qatari brine up to 140
o
C. pH of 0.01M tris buffer Qatari solution at 
ambient condition was 8.5 approximately. Change in potential with temperature is shown in Figure 6.  With an increase in 
temperature decrease in potential (increase in pH) took place which is also similar to other 1M NaCl and 0.78M KCl buffer 
solutions. 
 
 
Figure 6: Plot of potential vs. temperature for 0.01M tris buffer in Qatari brine (prototype-2). 
High Pressure Experiment (Experiments with CO2) 
The first experiment was conducted up to 140
o
C on deionised water from 0.5 to 5MPa. A second experiment was conducted up 
to 140
o
C on 1M NaCl from 0.5 to 12MPa and last experiment was also conducted up to 140
o
C from 0.5 to 12MPa on Qatari 
brine (prototype-2). 
 
Results and Discussion. Plots of results for deionised water,  1M NaCl and prototype-2 are shown in Figure 7 and it can be 
seen that with the increase in all pressure steps, potential increases (which means pH decreases as pressure increases) and when 
the temperature of water/ brine-CO2 mixture increases, a potential decrease at all pressure steps (which means pH of water/ 
brine- CO2 mixtures increases as temperature increases). Also, the solubility of CO2 decreases with increase in temperature 
(Mohamed et al. 2011) which results in increase of pH at high temperatures. On the other hand,  pressure increase results in 
increase of CO2 dissolution in water/ brine, which results in decrease in pH at high pressures. 
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Figure 7: Plots of HTHP experiments (A) deionised water (0 to 5MPa) (B) 1M NaCl (0 to 12MPa) (C) Qatari Brine (0 to 12MPa). 
It can be seen in calibration plots, shown in Figure 4, that at 80
o
C, potential of standard buffer of pH 7, 4 and 1 was 
441mV, 637mV and 839mV, respectively. Potential was 470mV at 0bar for deionised water, as shown in Figure 7(A), which is 
equal to pH 6.55 as can be seen in Figure 8. After pressurising, potential increased to 665mV which is equal to pH 3.55 
approximately at 80
o
C as shown in Figure 8. Similarly, by interpolating results of 1M NaCl and prototype-2, it can be 
concluded that pH decreased from 6.06 to 3.65 and from 6.02 to 4.38 at 80
o
C, respectively. 
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Figure 8: Interpolation of pH at 80
o
C for deionised water, 1M NaCl and Qatari brine. 
As shown in Figure 7(A), the potential at 1MPa is lower than the potential at 0.5MPa, at lower temperatures. This 
happened because there was some leak in reactor initially due to which pressure went down and was later stabilised to 1MPa. 
As a result of increase in pressure, potential was higher than potential at 0.5MPa which means that at 1MPa, pH was lower than 
pH at 0.5MPa which is consistent with our other results. 
It was also observed that after first pressure step, which in our case was 0.5MPa, when we decreased temperature from 
140
o
C to 80
o
C, change in potential in all experiments was observed. Potential was 30mV lower at 80
o
C as compared to the 
previous reading at 80
o
C in deionised water experiment at 0.5MPa. This might have taken place because of a leak in the 
system. In experiment with 1M NaCl, potential increased by 30mV as compared to the previous reading at 80
o
C. Whereas, 
potential was 30mV higher after first pressure step at 80
o
C as compared to the previous reading at 80
o
C  in experiment with 
prototype-2. Negligible increase in potential was also observed at higher pressure steps as shown in Figure 13. Therefore, 
according to our observations, regressing to lower temperature from high temperatures at constant pressure might result in 
increase of 30mV at first pressure step whereas, for later pressure steps increase in potential can be ignored. This increase in 
potential should be taken into account to get the correct pH value. 
At 80
o
C and 0MPa, the pH of deionised water, 1M NaCl and prototype-2 was 6.55, 6.06 and 6.02, respectively, from 
which it can be inferred that an increase in salinity has  less impact on the pH of solution which is in agreement with the results 
of  Schaef and McGrail (2004). Moreover, less decrease in pH was observed in prototype-2 as compared to deionised water and 
1M NaCl. Less CO2 is dissolved with increasing salt concentration (Duan and Sun 2003; Mohamed et al. 2011). Therefore, it 
can be said that due to very high salinity of prototype-2, less CO2 dissolved into brine. This resulted in lesser pH decrease as 
compared to deionised water and 1M NaCl. 
Results obtained from this study for deionised water and 1M NaCl are similar to some previous studies (Schaef and 
McGrail 2004; Ceyhan et al. 2011; Toews  et al 1995) with a maximum difference of 0.5 pH units, depending on temperature 
and pressure. Comparison of the results of this study and the studies by Schaef and McGrail (2004), Ceyhan et al. (2011) and 
Toews et al (1995) are shown in Figure 9.  
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Figure 9: Comparison of our results with Ceyhan, Schaef and Towes. 
It was also observed that when CO2 is injected into the water/ brine-CO2 mixture for the first time, potential increases 
(pH decreases) very rapidly as shown in Figure 10 for all solutions at 0.5MPa; whereas, for later pressure steps, potential 
increased but was not very fast as compared to the first pressure step. 0MPa means that solution is without CO2. In deionised 
water, potential was 470mV which increased to 665mV after CO2 injection, in less than a minute as shown in Figure 10(A). 
Similar trend was also observed in 1M NaCl and prototype-2 but change of potential in prototype-2 was small when compared 
to deionised water and 1M NaCl due to very high salinity, as shown in Figure 10. 
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Figure 10: Plots showing rapid change in potential with CO2 injection (A) deionised water (B) 1M NaCl (C) Qatari brine. 
The solubility of CO2 in water increases at high pressurs and decreases with the increase in temperature (Duan et al. 
2006; Mohamed et al. 2011) consequently, the solubility of limestone/carbonates increases for a water/ brine-CO2 mixture at 
elevated pressure and decreases with increasing temperature (Boynton 1980). Therfore, from our experiments it can be inferred 
that an increase in solubility of carbonates in water/ brine-CO2 at elevated pressures is due to the decrease in pH of the brine. 
So, from this study it can be concluded that solubility of carbontaes is function of pH because at higher pressures pH decreases 
and with increase in temperature, pH increases which ultimately increases or decreases the solubility of carbonates in brine. 
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Depressurising 
If depressurisation rate of the reactor goes higher than 0.5Mpa/ hour  CO2 may dissolve into the reference probe which may 
damage it. Therefore, for the safety of the probes it is essential that the reactor should be depressurised at a rate of 0.5MPa/ 
hour or slower. 
The response of pressure and temperature during the experiment and after its completion is shown in Figure 11 for 
deionised water. The temperature hump in the figure is for the last experiment at 5MPa from 80
o
C to 140
o
C after which the 
system was left to cool and depressurise at a rate lower than 0.5MPa/ hour. Complete depressurising took approximately 24 
hours which means depressurising took place at a rate of 0.021MPa/ hour (0.21bar/ hour) approximately which is slower than 
the recommended depressurisation rate. 
 
 
Figure 11: Depressurisation plot of deionised water experiment from 5MPa. 
The pressure and temperature response of the experiment with 1M NaCl from 1MPa is shown in Figure 11. Two 
temperature humps are for two experiments done at 5MPa and 12MPa from 80
o
C to 140
o
C. After the completion of the 
experiment, the reactor was left for depressurising and cooling but there was some problem with depressurising. As it can be 
seen in Figure 12, that reactor depressurised from 12MPa to 6MPa in 6 hours approximately which is very fast for probes and 
then pressure kept constant at 6.2MPa while it should have depressurised in the similar way as it was for deionised water from 
5MPa. If depressurisation would have taken place at the same rate and no pressure stabilisation at 6.2MPa would have occurred 
then probes might have been damaged. 
When the quick depressurisation rate was recognised, the reactor was isolated and was pressurised with CO2 using the 
pump twice as it can be seen in pressure curve of Figure 11 but pressure still kept on declining. Initially it was thought that 
there was some leak but later on it was recognised that there was no leak and BPR was also working as per our requirement. 
The only problem was very high temperature which was declining rapidly because of no heating. As a consequence of the 
decreasing temperature, a decrease in vapour pressure was taking place due to which, pressure decreased at a rate of 1MPa/ 
hour approximately. When the reactor reached ambient temperature, reactor pressure stabilised at 6.2MPa because reactor was 
already isolated and there was no impact of vapour pressure any more. If we look at the depressurisation in Figure 11, 
temperature was 80
o
C; whereas in second experiment temperature was 140
o
C at the time of depressurisation due to which 
faster depressurisation took place. After pressure stabilised at 6.2MPa, reactor depressurised in similar way as it depressurised 
for deionised water from 5MPa. Therefore, it is recommended that while depressurising, temperature should be lower than 
50
o
C. 
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Figure 12: Pressurising, depressurising and temperature responses vs. time for 1M NaCl up to 12MPa. 
Behavior of the Probes 
Although the probes were designed for temperatures above 93
o
C, readings may also be reliable at temperatures from 70
o
C. 
Experiments done with tris buffer suggest that readings at lower temperature may be reliable as well to some extent. 
During experiments temperature shoot ups were observed due to rapid temperature increase and when temperature 
decreases to the desired temperature, odd reading were obtained as compared to the previous reading at the same temperature. 
It is therefore recommended to increase the temperature slowly to avoid temperature shoot up so that odd readings may be 
avoided. An example of difference in readings for increasing and decreasing temperature is shown in Figure 13. 
 
 
Figure 13: Hysteresis between readings while temperature increases and decreases. 
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Probes should be calibrated after each experiment. It was observed that when experiments were conducted with 1M 
NaCl buffer solution pH 1, probes were contaminated with the solution and for all other solution probes were giving readings 
for pH 1. The same error occurred when experiment with pH 10 standard buffer solution was conducted, to neutralise the 
probes. It can be inferred from these experiments that, experiments with solutions of very high and very low pH at high 
temperature could contaminate the probes. Therefore, to clean the probes reactor was filled with deionised water and probes 
were dipped into it for some time with the stirrer on. Then reactor was filled with Sigma-Aldrich Fluka standard buffer pH 4 
and was heated up to 100
o
C. Reactor was left at this temperature until the reading became constant at 100
o
C and also matched 
the previous readings at same temperature. 
Conclusions 
From this experimental study it can be concluded that a combination of Ag/ AgCl (reference probe) and ZrO2 (pH probe) can 
be used for reliable pH measurements of water/ brine-CO2 mixture at HTHP (70
o
C-140
o
C and 0Mpa- 12MPa) without any 
damage of any equipment. However, very rapid increases in temperature of the measuring medium should be avoided for 
accurate readings. Also, depressurisation of the reactor should be done at temperature lower than 50
o
C to prevent the probes 
from getting damaged. Probes should be calibrated after every experiment for accurate readings and for longer life.  
Secondly, it can also be concluded that the solubility of carbonates increases with decrease in pH while pH decreases 
with increase in pressure and increases with increases in temperature. In other words it can be said that solubility of carbonates 
in brine-CO2 mixtures increases with increase in pressure and decreases with increase in temperature. 
 From the study, it can also be concluded that increase in salinity has less impact on pH. In highly saline solutions less 
CO2 dissolves when CO2 is injected into brine, and as a result there is less change in pH. 
Finally, for the preparation of highly saline and complex Qatari brines, the container should be first filled with 
deionised water then NaCl should be added followed by addition of KCl and all hexahydrated salts. Sodium sulphate and 
sodium bicarbonate salts should be added at last for complete dissolution. The container should also be stirred well after adding 
each salt simultaneously. 
Recommendations 
So far, no experiments have been done with rock in brine to determine exactly how much carbonates dissolves in Qatari brine 
and other aquifer brines at HTHP. Therefore, it is recommended to look at the dissolution rates of carbonates at a series of 
temperatures and pressures to determine the impact on dissolution of carbonates in Qatari brine and other solutions when CO2 
is injected. Calibration of pH by tris buffers at high temperatures should also be performed to validate the readings made in this 
regime.  
High pressure experiments with deionised water should be conducted again because at higher temperatures and 
pressures maximum difference of 0.5 pH units was observed in comparison to the results of other studies.  
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Appendix A 
 
Critical Literature Review 
 
     Paper Year Title Authors Contribution 
  “Optimization of Carbon 
Dioxide Sequestration and 
Improved Oil Recovery in 
Oil Reservoirs” 
 
 
Koorosh Asghari, 
Adal Al-Dliwe. 
Discussion about the effect of 
different Injection schemes and 
the timing of injection on 
optimization of oil recovery and 
CO2 storage capacity for partially 
depleted reservoirs. 
 
 
Anal. Chem. 
67, 4040-
4043 
 
 
 
 
1995 
“pH-Definfing Equilibrium 
between Water and 
Supercritical CO2. Influence 
on SFE of Organics and 
Metal Chelates.” 
 
 
Karen L. Toews, 
Robert M. Shroll 
C.M. Wai 
A method for the accurate 
determination of the pH of water 
in contact with CO2 has been 
demonstrated. 
 
 2004 “Direct Measurements of 
pH and Dissolved CO2 in 
H2O-CO2 Brine Mixtures to 
Supercritical Conditions” 
 
 
H. Todd Schaef 
B. Peter McGrail 
The objective of the study was to 
measure the pH of CO2 saturate 
aqueous solutions and correlate 
the results with Raman spectra. 
 
 
 
SPE 93674 
 
 
2005 
“An Experimental 
Investigation of Reaction 
Transport Phenomena 
during CO2 Injection” 
 
 
P. Egermann, 
B.Bazin, 
O. Vizika. 
 
First step in laboratory 
investigation of CO2 sequestration 
in carbonate Reservoirs. 
  
 
2005 
CO2/brine/carbonate rock 
interactions: dissolution and 
precipitation 
 
Reid B, Grigg, 
Robert K. Svec, 
Peter C. Lichtner, 
Charles E. Lesher. 
Gives more understanding of the 
complicated minerals dissolution 
and precipitation process 
experienced when CO2 is injected 
into carbonates reservoirs. 
 
American 
Chemical 
Society 
IE050572Y 
 
 
2006 
“Effect of Operational 
Parameters on Carbon 
Dioxide Storage in a 
Heterogeneous Oil Reservoir: 
A Case Study.” 
 
Koorosh Asghari, 
Adal Al-Dliwe, 
Nader Mahinpey. 
 
Results of this study show that 
combination of two vertical 
injectors and one horizontal 
producer optimizes the 
incremental oil recovered and 
amount of CO2 stored. 
 
SPE 141031 
 
2011 
“Carbon Dioxide, 
Geochemical, and Rate-of-
Dissolution for Deep Storage 
Environments.”  
Ismail Ceyhan, 
Ashok Santra, 
A. S. Cullick 
A stand-alone solution procedure 
has been developed to solve 
geochemical equilibrium 
calculations. 
 
SPE 140943 
 
2011 
“Permeability Change during 
CO2 Injection in Carbonate 
Rock: A Coreflood Study.” 
I. M. Mohamed, 
 J. He,  
H. A. Nasr-El-Din. 
This paper addresses the brine 
salinity and salt tupe on the 
formation  
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2004 
Direct Measurements of pH and Dissolved CO2 in H2O-CO2 Brine Mixtures to Supercritical 
Conditions 
 
Author: H. Todd Scheaf and B. Peter McGrail. 
 
Contribution to the understanding of pH change at high pressure: 
Provides pH data for H2O-CO2 and H2O-CO2 saturated brine solutions up to 11Mpa and 70
o
C.  
 
Objective of the paper: 
The objective of the study was to measure the pH of CO2 saturate aqueous solutions and correlate the 
results with Raman spectra. 
Methodology used: 
Laboratory experiment  
Conclusion reached: 
1. With pressure exceeding 5.51 MPa and a temperature range of 27o to 70oC, the pH varied from 
3.1 to 3.3 for two component system (H2O-CO2). 
2. Similar results were obtained for H2O-CO2 saturated brine solutions.   
 
Comments: 
Addition if salts results in very less change in pH. 
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Poster presented at the 4
th
 Annual Conference on CCS (2005) 
 
CO2/brine/carbonate rock interactions: dissolution and precipitation 
 
Authors: Grigg R. B., Svec R. K., Lichtner P. C., Carey W. and Lesher C. E. 
 
Contribution to theCO2 storage in geologic formations: 
More understanding of the complicated minerals dissolution and precipitation process experienced when 
CO2 is injected into carbonates reservoirs. 
Objective of the paper: 
To study the interactions between carbonate rocks and fluids 
Methodology used: 
Laboratory experiment  
Conclusion reached: 
1. Minerals dissolution and precipitation were noticed in close proximity.  
2. Brine composition affects rock dissolution and precipitation greatly. 
Comments: 
Porosity and permeability were used to indicate dissolution and deposition. Cores were imaged back-
scattered electron imaging. 
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SPE 141031 
 
Carbon Dioxide, Geochemical, and Rate-of-Dissolution Simulation for Deep Storage Environments 
 
Authors: Ceyhan, I., A. Santra, Cullick, A. 
 
Contribution in developing model to predict pH at HTHP: 
A model was developed to predict the precipitation or dissolution rates of common minerals. 
Objective of the paper: 
This paper describes model for calculating the phase equilibrium and rates of dissolution and 
mineralisation in the formation and provides guidance on how the algorithms should be implemented 
within reservoir simulators. 
Methodology used: 
Simulation 
Conclusion reached: 
1. A stand-alone solution has been developed to solve geochemical equilibrium calculations.  
Comments: 
Predictions of pH were made at high-temperatures and high-pressures. 
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SPE 140943 
 
Permeability Change during CO2 Injection in Carbonate Rock: A Coreflood Study. 
 
Authors: Mohamed, I., J. He, Nasr-El-Din, H. 
 
Contribution to the CO2 storage in geologic formations: 
Provides data for the behaviour of different salts in brines when CO2 is injected to it. 
Objective of the paper: 
This paper addresses the brine salinity and salt type on the formation during sequestration. 
Methodology used: 
Correlation 
Conclusion reached: 
1. Sodium chloride does not have any impact on the formation permeability during CO2 injection. 
2. Calcium chloride has the main effect on the formation during sequestration. 
3. Increasing calcium chloride and magnesium chloride concentration resulted in reduction in the 
core permeability.  
Comments: 
Each salt has different effect on formation in presence of CO2. 
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Anal. Chem. 1995 67, 4040-4043 
 
pH-Definfing Equilibrium between Water and Supercritical CO2. Influence on SFE of Organics 
and Metal Chelates.  
 
Authors: Toews, K. L., R. M. Shroll and Wai, C.M. 
 
Contribution to the pH measurements of water-CO2 mixtures: 
A method for the accurate determination of the pH of water in contact with CO2 has been demonstrated. 
Objective of the paper: 
A direct measurement of the pH of water in contact with supercritical CO2 was made from 25-70
o
C for 
pressures of 70-200atm. 
Methodology used: 
Experiment 
Conclusion reached: 
1. The measured pH varied from 2.8 to 2.95 for the above mentioned temperature and pressure 
range. 
Comments: 
pH of water in contact with supercritical CO2 was made by observing the spectra of a pH indicator with a 
UV-vis spectrophotometer. 
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Appendix B 
 
 
Figure B 1: Plot of our results and pH against temperature for standard buffer pH 1. 
 
Figure B 2: Plot of our results and pH against temperature for standard buffer pH 4. 
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Figure B 3: Plot of our results and pH against temperature for standard buffer pH 7. 
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Appendix C 
 
 
Figure C1: Batch reactor with complete setup. 
 
Figure C2: Fitting of the probes in the reactor. 
